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 Widespread use of pesticides and herbicides, and the contamination in river, lake 
and sea waters have been become a major environmental concern in recent years. 
A common example of such herbicides is atrazine and its derivatives, which have 
been widely used in recent years to control pests in agriculture and improve food 
production and meet the needs of the global population, which is increasing year 
by year. Most analytical methods are used to determine pesticides and herbicides 
in the environment which are usually highly reliable and sensitive, but they are often 
very complex and require advanced tools, and measurements should be performed 
directly in a lab. Atrazine electrochemical biosensors based on enzymatic 
biosensors, immunosensors, and aptasensors are reviewed in this study. For 
atrazine detection by enzymatic biosensors, tyrosinase commonly is used. Phenols 
and atrazine are the substrates and inhibitor of this enzyme, respectively. These 
enzymatic biosensors are based on sensing of decreasing current in the presence 
of atrazine. Immunosensors based on the analyte size generally categorized into 
two detection methods including competitive and noncompetitive that both of them 
were used for atrazine detection. The several aptamer sequences were used for 
atrazine aptasensing that could detect it in nano and picomolar concentrations. 
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1. Introduction 
 

The widespread use of herbicides/insecticides/pesticides in 
response to the growing needs of the community makes a serious 
warning to the public health and environment (Kashem et al. 2019; 
Nagarajan et al. 2020). Herbicides are considered as any substance or 
mixture of substances intended to prevent, destroy, repel, or reduce 
pests. They might be chemical, disinfectant, antimicrobial, biological 
compounds and their impact could threaten large area even when used 
in a small area and can reach a larger area through the air, penetrating 
the soil, or dissolving in water (Singh et al. 2013; Yang and Zhang 
2020). The agricultural productions are presently and progressively 
relying on the application of pesticides. Some common pesticides are 
Atrazine (ATZ), Bensulide, 2,4-D, DSMA, Dacthal, Dicamba, Diquat 
Dibromide, Endothall, Glyphosate, Isoxaben, MCPA, MCPP, MSMA, 
Pendimethalin, Prometon, Pronamide, Siduron Triclopyr, Trifluralin 

(Singh et al. 2013). When environmental contaminants enter a living 
organism, biochemical changes occur in the tissues and body fluids, 
disrupt the body's normal physiological functions, and cause temporary 
or permanent pathological damage (Sun et al. 2019). Many of these 
herbicides are persistent and can remain active in the environment for 
several years, causing environmental damage (Liu et al. 2020; McArdle 
and Persaud. 1993). Herbicides easily penetrate into the animals’ body, 
and would have toxic impacts on animals and plants (Majidi et al. 2008). 
ATZ belongs to the chlorotriazine family of herbicides and is a class 3a 
carcinogen that strongly affects the human endocrine system (Cheng 
et al. 2020; Supraja et al. 2019). The triazine class is one of the most 
commonly used herbicides in the world, which is commonly applied to 
control the pests on weeds and broadleaf plants in agriculture. Due to 
its high application, ATZ could be found in the soil, wastewater, and 
other water sources (de Albuquerque et al. 2020; Fan et al. 2019; Goyal 
et al. 2020; Kermani et al. 2020). Prolonged human exposure to the 
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ATZ can seriously damage the reproductive system, central nervous 
system, immune system, and endocrine system, even at very low 
concentrations (Fan et al. 2019; Neamat‐Allah et al. 2020).  

Considering the destructive impact of ATZ in the environment, its 
accurate, easy and highly sensitive identification in the environmental 
samples are essential. Conventional methods for detecting ATZ include 
mass spectrometry (MS), gas chromatography (GC), and high-
performance liquid chromatography (HPLC) which are considered as 
time-consuming and expensive techniques and require skilled 
personnel. Besides, because of their complexity, require sample 
pretreatment (Durai and Badhulika 2020; Martinazzo et al. 2018).  

Biosensors have been expected to play a significant analytical role 
in the food security, agriculture, medicine, internal immunity, and 
industrial and environmental monitoring (Suryan 2017). 
Electrochemical biosensors are promising to determine pesticides and 
herbicides (eg, carbamates, organophosphates, triazines) remaining 
since they are cost-effective, rapid and simple and have the potential 
for shrinkage (Vidal et al. 2008). In the present study we aimed to review 
the electrochemical biosensors which use enzymes, antibodies, or 
aptamers as bioreceptor in order for biosensors fabrication after 
introducing of ATZ. 

 
2. Atrazine 
2.1. Atrazine and its environmental effects 
 

ATZ (2-Chloro-4-ethylamino-6-isopropylamino-triazine) and 
triazines such as amethrin, propazine, promethrin, prometone, 
simazine, and terbutrium are widely used to control weeds and 
broadleaf weeds (Valera et al. 2007). It is one of the most common 
alternative monochlorine derivatives in the s-triazine herbicide family 
(Vidal et al. 2008) and has been utilized since the 1950s (Abdulelah et 
al. 2020). Some of the trading brands of the ATZ are Gesaprim®, 
Atratol®, Aatram®, and Aatrex®. It is utilized in crops like corn, 
sugarcane, macadamia nuts, pineapple, sorghum, and evergreen tree 
fields, and for the regrowth of evergreen forests. It has also been 
utilized for the growth prevention of weeds on both freeway and railway 
roads. ATZ can be sprayed on farmland plants before plants begin to 
grow and emerge from the soil (Singh et al. 2013). Several parameters 
can affect the efficiency of triazines such as mode of application, soil 
structure, particle size distribution, organic matter content, and moisture 
content. Main advantages of utilizing triazines are that it deals with 
application facility and flexibility to combine with other herbicides for 
controlling of broad-spectrum weed (Gothandam et al. 2020). 

 
2.2. Biological activities and effects of atrazine on living 
organisms 
 

ATZ inhibits photosynthesis by affecting on protein D1, which 
controls the electrons transfering from PSII to the plasto-quinone pool 
(Andreou and Clonis 2002; Metz et al. 1986; Tucci et al. 2019; Wilski et 
al. 2006). This herbicide is recognized and used in worldwide due to the 
fact that the corn plant has high tolerance to it. Part of this tolerance 
could be attributed to its catalysis by the combination of ATZ with 
Glutathione (GSH), a detoxification reaction by the enzyme GST 
(Andreou and Clonis 2002). When the mouth, skin, expose to and 
through inhalation, ATZ reaches the bloodstream, which can cause 
pain, skin reactions, mucous membrane irritation, eye irritation, and 
diarrhea and vomiting (Singh et al. 2013). The United States 
Environmental Protection Agency (EPA) categorizes ATZ as a human 
carcinogen based on the enhanced prevalence of breast tumors in 
female mice (class C). In humans, the triazine herbicides utilization has 
been related to enhance ovarian tumors. Women who had previously 
been exposed to triazine were 7.2 times more likely to develop a tumor 
than other women (Andreou and Clonis. 2002). In addition to impose 
serious effects on central nervous system, immune system, and the 
endocrine system, it is a potential carcinogen and teratogen for humans 
(Pooja et al. 2020; Sun et al. 2019). ATZ is involved in the expression 
of some proteins located in various cellular compartments (membrane, 
cytosol, nucleus) and might affect different processes in cell including 
cell shape, DNA damage, oxidative stress, and gene expression and 
regulation, or spermatogenesis (Belkhamssa et al. 2016).  

ATZ may cause severe water pollution because of its high 
persistence in the environment and accumulation in the soil (Vidal et al. 
2008). ATZ is one of the major pollutants of environmental concern 
listed by the EPA in the NPL's Top 20 list of 1636, because of its low 
biodegradation and a high potential for surface and groundwater 
pollution (National Priorities List). ATZ has a half-life of 261 days in soil 
because of microbial biodegradation, while due to its low solubility in 
water it has much longer half-life (ATSDR, 2003). Several European 

countries made ban on ATZ application on October 2003, it is often 
considered as a persistent contaminant in the surface and groundwater 
due to its unauthorized use in agriculture (Attaallah et al. 2020). The 
EPA and European Union (EU) have limited the concentration of ATZ 
and its decomposition products to less than 0.1 and 3 ppb in drinking 
water, respectively (Wang et al. 2020). Owing to its high toxicity, the 
development of approaches is very important for sensitive and accurate 
detection of ATZ in the environmental samples. 

 
3. Atrazine detection methods 
 

Due to the toxicity and widespread use of ATZ, it would be 
necessary to find effective approaches in order for measuring the ATZ 
concentration in water samples. The first step in reducing ATZ 
widespread distribution is using low-cost and rapid monitoring 
procedures for its determination (Roueinfar et al. 2019). Typically, ATZ 
can be detected by liquid chromatography-mass spectrometry, HPLC 
with UV detector, and GC with various detectors including mass 
spectrometry, electron absorption, and flame ionization. ATZ has been 
determined using the phosphorus and nitrogen method, magnetic field 
mass spectrometer, GC/MS in the concentration of 0.13, 0.3, and 0.1 
μg/L, respectively (Singh et al. 2013). These procedures are well-
established and very robust, but involve the specialized technical 
personnel, expensive equipment, time-consuming prototypes, and 
complex preparation of samples that limit their widespread practical use 
(Fan et al. 2019). Also, they cannot be used for continuous and in situ 
analysis (McArdle and Persaud 1993), while a cost-effective, user-
friendly, and easy to operate procedures are needed to detect 
pesticides including ATZ (Shenoy et al. 2018). The soil and water ATZ 
contamination could be monitored by developing a rapid bio-sensing 
system (Roueinfar et al. 2019). In the past, much effort has been made 
to develop high-performance analysis methods for the laboratory 
recognition of small molecules (metabolites). 

Spectrophotometric approaches require multi-step reactions and 
the formation of a colored product, but the biosensors allow the 
detection of pesticides and herbicides in the real time, reducing the 
operating costs and drastically decrease the total time essential for 
each method. Most of these sensors are applied to determine 
herbicides by determining the inhibitory power of these contaminants 
against different enzyme systems. The advantages of the enzyme 
inhibition assays include their simplicity and fast function, low cost, 
sensitivity and relatively higher specificity compared to the conventional 
methods (Majidi et al. 2008). 

It has been shown that the electrochemical methods offer improved 
analytical features including fast response time, greater dynamic range, 
and high sensitivity (Majidi et al. 2008). However, it is relatively difficult 
to detect ATZ by direct electrochemical methods because of its low 
electrochemical activity. Due to the advantages such as sensitivity, 
simplicity, possibility of operation in turbid environmental samples and 
easy miniaturization, electrochemical sensors have been considered 
for the detection of ATZ (Yu et al. 2010).  

The advantages of the electrochemical biosensor over other 
analytical methods include its portability, in situ determination, high 
sensitivity, very specific quick response time, and easy fabrication 
(Kumar et al. 2020). Here, we will focus on ATZ electrochemical 
biosensors fabricated by different types of receptors like enzyme, 
antibody, and aptamer. 
 
4. Biosensors 
 

A biosensor is an analytical device that contains a stabilized 
biological compound to react with the analyte and is able to detect the 
biological analyte (ligand) by converting the biological reaction into a 
detectable electrical signal. It can detect various analytes such as 
bacteria, fungi, contaminants, food and pharmaceutical additives, etc. 
(Kumar et al. 2020; Verma and Rani. 2020). Common requirements for 
the biosensors for environmental applications are presented by Rogers 
and Lane. They must be inexpensive, portable, field-compatible - with 
limited external power required - short measurement time, require 
minimal water or soil preparation, need minimal trained personnel, high 
sensitivity with a wide dynamic range either for one or more groups of 
related or closely related compounds. The requirement for an "early 
warning sensor" that can sense rapid changes in the environment is 
one of the prominent purposes of a practical biosensor (Barceló et al. 
1995).  

A biosensor is made up of two main components. A receptor that 
facilitates specific binding to the target and a signal conversion unit 
(transducer) that measures the binding of the target molecule to the 
analyte (Sezgintürk 2020; Shenoy et al. 2018). Biosensors are 
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classified into several types: (i) the bioreceptors-based biosensors 
include enzymes, antibodies, proteins, cells or DNA sequences, etc., 
(ii) the transducer-based biosensors e.g. optical and electrochemical 
biosensors, etc. and (iii) analyte-based biosensors e.g. herbicide, 
pesticide and heavy metal biosensors, etc. (Salouti and Derakhshan 
2020; Suryan 2017). Electrochemical methods (viz., impedance, 
amperometry, and voltammetry) can characterize the analytical 
performances and hence are extensively being applied. In the 
electrochemical biosensors, different electrodes or a three-electrode 
system such as working, counter, and reference electrodes can be 
employed. Working electrode is considered for the immobilization of 
bioreceptor (Ahmad and Kumar 2020). The element for the biological 
recognition binds to the analyte molecule at the electrode surface, 
resulting in redox reactions, which can be detected by the transducer 
(Hernandez-Vargas et al. 2018; Kumar et al. 2020). Authors have been 
proved the suitability of electrochemical biosensors for sensitive and 
cost-effective measurements in complex matrices, low detection limits, 
low sample requirement, easy application, and stability (Bakirhan et al. 
2020).  

In the following, bioreceptors-based electrochemical biosensors 
including enzymatic biosensors, immunesensors or antibody-based 
biosensors, and aptasensors or aptamer-based biosensors for ATZ are 
discussed. 
 
4.1. Enzymatic biosensors for Atrazine detection 
 

Enzymes are biological components and a group of complex 
proteins. They act as catalysts in living cells and accelerate the rate of 
chemical reaction (Sarkar et al. 2019). They can be used for making 
biosensors. The principle measurement is typically based on its activity 
or inhibition capacity. The enzyme activity is related to the analyte 
concentration and is measured according to the electrochemical 
methods like amprometry, potentiometry, or voltammetry. In order to 
detect the toxic compounds, enzyme-based electrochemical 
biosensors have attracted much more attention in the scientific 
community since they are able to provide information on the presence 
of environmental contaminants as well as food contaminants in a timely 
manner and outside the laboratory (Arduini et al. 2019). 

Enzymatic biosensors act by binding to the electrode surface using 
various immobilization approaches including: adsorption, covalent 
bonding, cross-linking, and entrapment. The adsorption approaches 
are based on weak bonds like Van der Waal's forces, hydrophobic, and 
electrostatic interactions. One of the most commonly applied 
approaches for enzyme immobilization is covalent binding which 
covalent bondings form stable complexes between functional groups of 
a support matrix and biomolecules. Cross-linking is an irreversible 
technique that covalent bonds are created between the enzyme 
molecules and a three dimensional cross linked structure is formed. In 
the entrapment method, a polymeric network entrapped the enzyme 
and retains the enzyme and allows only the traverse of substrate and 
products (Nguyen and Kim. 2017). Enzymatic biosensors usually 
involve catalyzing redox reactions where the substrate or product is 
electrically charged (Suryan. 2017). There are two classes of enzymatic 
biosensors: catalyst-based and inhibition-based biosensors. Among 
these two biosensor types, inhibition-based biosensors are the most 
extensively applied and the inhibition of cholinesterase (ChE) enzymes 
is the most famous one (Shenoy et al. 2018; Vohra et al. 2020). These 
biosensors act based on monitoring enzymatic activity in the absence 
and/or presence of an inhibitor, and hence presence of pesticides will 
inhibit an enzymatic reaction (Arduini et al. 2019). Polyphenol oxidase 
(PPO) has copper as a prosthetic group and uses O2 as a co-substrate. 
Based on mechanism of action and substrate specificity, polyphenol 
oxidases are categorized into three kinds: laccase, catechol oxidase, 
and tyrosinase (Tyr) (Gul et al. 2017; Raymundo-Pereira et al. 2020). 
The Tyr is widely found in many vegetables (mushrooms, bananas, 
potatoes, yams, apples, avocados, eggplants, etc.) (Martinazzo et al. 
2018). Many inhibitors such as triazine, phenylurea, pesticides, 
herbicides, and various environmental pollutants can affect the Tyr 
activity. Tyr (monophenol monoxygenase) is a dual-core copper 
monoxygenase enzyme containing metalloprotein that causes 
hydroxylation of monophenols to form o-diphenols (catechols) 
(monophenolase or cresolase activity) and oxide o-diphenols to o-
quinones in the presence of oxygen as an electron receptor (Vidal et al. 
2008). Tyr enzyme catalyzes the oxidation of phenols to catechols and 
then to o-quinones. The decreasing current of o-quinones can be 
sensed at the electrode level and utilized to confirm the presence of 
phenols. However, when the Tyr enzyme activity is inhibited by ATZ, 
the reduction current decreases in proportion to the inhibitor 

concentration, so that the inhibition percentage can be used to 
determine the amount of ATZ (Guan et al. 2016). Thus, various Tyr-
based biosensors for the sensing of phenols and their derivatives such 
as ATZ based on Tyr inhibition have been widely reported.  

The composite of poly(L-DOPA)-tyrosinase (PDM-Tyr) was 
prepared and applied for atrazine sensing. Tyr catalytic polymerization 
of L-DOPA caused to its effective immobilization through in-situ 
entrapping Tyr in PDM. Au electrode was modified by PDM-Tyr 
composite and its surface was covered by nafion. The amperometric 
method was applied for recording of current signals (I0) related to 
fabricated biosensor in PBS solutions containing 5.0 µM phenol. Also, 
the current signals (Ii) were recorded after incubation of biosensor in 
ATZ-containing PBS solutions for 15 min and the inhibition percent 
(In(%)) was obtained for each concentration of ATZ recorded using 
In(%) = (I0 - Ii)/I0. Linear range and limit of detection (LOD) were 
obtained 50 ng/mL to 3.0 µg/mL and 10 ng/mL, respectively (Guan et 
al. 2016).  

In another study an electrochemical biosensor based on integrated 
paper-based screen-printed platforms were used for quantifying 
organophosphates. Two various electrodes that printed on office paper 
formed the paper-based platform which connected to some filter paper 
pads. The enzymes were load using the filter paper porosity and various 
pesticides were detected by different enzymes immobilized on a paper-
based lab-on-chip. Tyr was used for ATZ detection in both standard 
solutions and river water sample and a linear range between 10 to 100 
ng/mL was obtained (Arduini et al. 2019). Table 1 summarizes the 
information of some electrochemical enzymatic biosensors for ATZ.  
 
4.2. Atrazine immunosensors 
 
 Antibodies are created in response to the stimuli from an external 
substance (antigen). They bind specifically to a particular site of the 
antigen. Monoclonal antibodies are antibodies extracted for a particular 
site, and polyclonal antibodies are a set of antibodies extracted for 
different sites. Both types of antibodies have been utilized to make 
electrochemical immunosensors (Suryan. 2017). Antibody-based 
biosensors are known as immunosensors. The analyte-antibody 
reaction is the main component of these assays. For macromolecule 
analytes, it is usually first taken by a primary antibody and then sensed 
by a secondary antibody with a tracer that this method is called 
noncompetitive. For small molecules, which typically have an epitope, 
up to 85% of the antigen level is buried in the antibody para-type after 
the antigen and antibody interact, therefore, avoiding possible 
interaction with the second antibody; this method is named as 
competitive procedure. This eliminates the application of two-site 
methods, and for this reason, small molecules are detected indirectly 
(immunoassay methods) in which the analyte competes with a tracer 
compound to bind in sites in order to the detecting antibody (González-
Techera et al. 2015). In this framework, the presence of analyte is 
recorded as signal loss and limited amounts of tracer and antibody 
should be utilized to achieve detectable inhibition with analyte tracing 
concentration (Riberi et al. 2020). Two very significant aspects in 
determining the resolution, selectivity, and sensitivity in immunological 
assays are including: (i) the binding process between antibody and 
antigen and (ii) the obtaining signal amplification. In addition, signal 
strength and limit of LOD depend directly on the yielding of the antibody 
immobilization procedure. Under such circumstances, a critical limiting 
parameter in sensor development is modifying the performance of the 
detecting electrodes. For this purpose, over the past several years, 
researchers have applied various nanomaterials as measurement 
elements, since their surface might be easily modified. Nanomaterials 
are new scaffolds that, while preserving their biological properties, 
facilitate the immobilization of antibodies on the sensor electrode 
surface. They have received much research attention due to superior 
mechanical and electronic properties over other materials and their high 
surface-to-volume ratio (Supraja et al. 2019). Usually, inorganic metal 
catalysts, metal or semiconductor metal nanoparticles, radioactive 
isotopes, fluorescein, and enzymes attached to bio-cognitive processes 
are utilized as reinforcing labels. Gold nanoparticles are among the 
most recently used labels to identify biological molecules and some 
biological metabolites. The unique nanoscale properties of these 
particles make it suitable for the bioassay, specially for electrochemical 
sensing, where gold nanoparticles (AuNPs) can be applied as a 
conductor for electron transfer, and improve electrochemical reactions 
at a low potential. AuNPs have been widely and effectively used for 
immobilization and the study of different types of macromolecules and 
biomolecules like proteins, enzymes, DNA, and other antibodies, as 
well as for increasing binding signals and improving the sensitivity.  

Table 1. Electrochemical enzymatic biosensors for ATZ. 
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Strategy Bioreceptor Technique Linear range LOD Stability Recovery, % Reference 

Tyr/poly(pyrro1e)/Au electrode  Enzyme (Tyr) Amperometry - - 8-20 days  
- 

(McArdle 
and 
Persaud 
1993) 

Potato (Solanum tuberosum) 
tissue bioelectrode coupling to a 
commercial O2-selective Clark 
electrode 

Enzyme (PPO) Amperometry 20-130 µM 10 µM 8-14 days 103.5, 105, 105.3 (Mazzei et 
al. 1995) 

PPO/PPy/GCE Enzyme (PPO) LSV 0.05–0.5 µg/mL 0.1 
µg/mL 

90% after 
21 days 

- (Kaoutit et 
al. 2004) 

Tyr-BSA/GA Enzyme (Tyr) Conductometry 2.15–2150 ng/mL 1 ng/mL 90% after 
23 days 

- (Anh et al. 
2004) 

PoPD–Tyr-NQ-GCE Enzyme (Tyr) Chronocoulometry 0.8-10 µM 0.15 µM  9 days 92.4 ± 10.3 µg/L 
and 101.1 ± 10.9 
µg/L 

(Vidal et al. 
2008) 

Plant tissue / Sol-gel Enzyme (PPO) Chronoamperometry 10–100 µM 5.5 µM 20% after 
50 days 
 

- (Majidi et 
al. 2008) 

Urease/PAH/(PEs)3-NPs Enzyme 
(Urease) 

Enzyme Field effect 
capacitive 

0.1 µM 
– 10 mM 

0.13 µM - - (Braham et 
al. 2013) 

Nafion/PDM-Tyr/Au electrode Enzyme (Tyr) Chronoamperometry 50 ng/mL–30 
µg/mL 

10 
ng/mL 

90% after 1 
week  and 
78% after 4 
weeks 

93.0 –106.2 (Guan et al. 
2016) 

Tyr/TiO2-NTs Enzyme (Tyr) Amperometry 0.2–2 pg/L 0.1 pg/L 90% after 4 
weeks 

- (Yu et al. 
2010) 

Tyr/CB/PBNPs nanocomposite Enzyme (Tyr) Chronoamperometry 10–100 ng/mL - - 80 ± 4 and 92 ± 3 (Arduini et 
al. 2019) 

  
The AuNPs labeling method offers many advantages including non-

contamination, high accuracy, simplicity, excellent biocompatibility, 
great surface area, and easy preparation (Valera et al. 2008).
 Singh et al. (2013) designed an immunosensor based on the 
detection of ATZ, which was obtained by electrodeposition of gold 
nanostructures (GNS) on Indium Tin Oxide (ITO) glass slides. 
Electrodeposited nanostructures (GNS-ITO) were examined using 
cyclic voltammetry (CV) and visible UV absorption and indicate the 
presence of 20-30 nm nanostructured hexagons. The modified 
electrode was immersed in ethanol containing mercaptoundecanoic 
acid for 2 h to create a self-assembled monolayer on the electrode 
surface and then ATZ antibody was covalently immobilized by 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). The prepared immunosensor was applied 
to determine ATZ by square wave voltammetry (SWV). By adding of 
analyte (ATZ), the decrease in immunosensor peak current was shown 
because the electron transfer resistance was enhanced on the 
electrode surface and thus the peak current lowered. A linear range of 
50 aM to 1 nM (10.78 fg/mL - 215 pg/mL) in exposure time of 60 
seconds were obtained. It was also shown that the immunosensor can 
be stored up to 4 weeks at 4 °C in dry conditions maintains considerable 
stability and does not show any binding to non-specific antigens such 
as 2-aminoanthracene, parathion, malathion, albendazole etc (Singh et 
al. 2013). 

 González-Techera et al. (2015) combined magneto-
electrochemical immunosensors with improved sensitivity and direct 
proportional signal from a non-competitive immunoassay to a phage 
anti-immuno-electrochemical (PhAIEI) sensor to detect ATZ with its 
monoclonal antibody (MoAb K4e7). This non-competitive method is 
based on the use of recombinant M13 phage cells containing a peptide 
that specially detects the ATZ in the immune system with an anti- ATZ 
monoclonal antibody. Also, pyrocatechol and hydrogen peroxide have 
been applied as enzymatic redox mediator and substrate, respectively. 
Chronoamperometry method was used for obtaining current signals 
and plotting the calibration curve in various ATZ concentrations and 
LOD of 0.2 pg/mL was obtained (González-Techera et al. 2015). 
 Single-walled carbon nanotubes (SWCNTs) are one-dimensional 
nanostructures that show large electron transfer reactions because of 
the presence of all carbon atoms on their surfaces. Therefore, their 
large surface area, along with the ability to combine with various 
molecules, allow them to be turned into the ideal sensors for the 
particular sensing of different analytes. Carbon nanotubes (CNTs) field 
effect transistor (CNTFETs) have become a proper system for safety 
sensor applications because they combine the molecular recognition 
principles through the detection layer with the CNTs transmission ability 
and are used to identify different compounds (Belkhamssa et al. 2016). 
This immunosensor is based on a field effect transistor (FET) in which 
a network of SWCNTs acts as a conductive channel and the field effect 
transistors form CNTs. Anti-ATZ antibodies are adsorbed on the 
SWCNTs and for prevention of non-specific binding with proteins or 

bacteria, the SWCNTs are protected with Tween 20. The principle of 
the immune response is based on the direct uptake of specific ATZ 
(anti- ATZ) antibodies into SWCNT networks. After exposure to ATZ 
concentrations, CNTFET can be used as unlabeled useful platforms for 
ATZ recognition under the optimal conditions, the LOD of 0.001 ng/mL 
and linear range of 0.001 to 10 ng/mL were obtained. The average 
recoveries of 87.3% to 108.0% were obtained in real water samples 
spiked with ATZ (Belkhamssa et al. 2016).  

Supraja et al. (2019) utilized electro-spun manganese oxide 
nanofibers and demonstrated the free and easy electrochemical 
detection of ATZ. They reported an immunosensor based on low-
bandwidth Mn2O3 nanofibers. In this study, the glassy carbon electrode 
(GCE) was modified with Mn2O3 nanofibers by dropping of a 
suspension of nanofibers on the electrode surface. After that the 
electrode was incubated with Mercaptopropionic acid (MPA) a MPA 
self-assembled monolayer was formed on the modified electrode 
surface and then for immobilization of ATZ antibody, EDC and NHS 
were used. In addition, bovine serum albumin (BSA) was used for 
prevention of nonspecific binding. Electrochemical Impedance 
Spectroscopy (EIS) was applied for electrochemical analysis of 
immunosensor against various concentrations of ATZ. The impedance 
of electrochemical system can be measured by EIS, and impedance 
and dielectric (capacitive and resistive) properties can be determined 
over a range of frequencies. Supraja et al. applied EIS for this study; 
the overall charge transfer resistance enhances by increasing in ATZ 
concentration related to the inhibition of electron transfer and 
degradation in its kinetics in the presense of ATZ. For this 
immunosensor a very low LOD of 2.2 × 10-10 pg/mL, a wide linear rage 
of 1 zg/mL to 1 μg/mL, and a high selectivity of 52.54 (kΩ/μg mL)/cm2 
were obtained (Supraja et al. 2019). 

 In another study, Supraja et al. developed an electrochemical 
immunosensor based on multiwalled carbon nanotube (MWCNT)-
embedded Zinc oxide nanofibers (ZnONFs) for detection of ATZ. ATZ 
antibody was immobilized on nanofiber modified electrode via EDC and 
NHS chemistry, and the presence of ATZ was sensed by EIS. MWCNT-
ZnO nanofibers show low bandgap, great surface area, and high 
conductivity and the sensitivity of 21.61 (KΩ /μg mL)/cm2, linear range 
of 10 zM to 1 µM, and LOD of 5.368 zM. 

Although they are less sensitive compared to the more 
sophisticated analysis techniques, enzyme-based or immuno-enzyme-
based biosensors can be used to determine pesticides and herbicides 
by decreasing the operating costs and the total time required for running 
the test (Mazzei et al. 1995). However, enzymes and antibodies could 
be easily deactivated greatly limiting their applications (Sun et al. 2019). 
In addition, the extracting of antibodies is difficult, expensive and 
complex process. Also, according to several reports, antibodies against 
ATZ cannot distinguish between closely related molecules, therefore 
decreases the specificity of immunosensors (Fan et al. 2019). Table 2 
shows the ATZ detections based on immunosensor strategy. 

 
 

Table 2. ATZ detections based on immunosensor strategy. 
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Strategy Immunosensor type/tracer Technique Linear range LOD Stability Recovery, % Reference 

Method 1) antibody / 
ProtA (2%)-GEB 
Method 2) antibody-
biotin/Av-GEB 

Competitive / ATZ-HRP CV 0.7 – 
13.5 nM 

0.17 nM - - (Zacco et al. 
2007) 

Antibody/Antigen 2d-
BSA/IDµE 

Competitive / ATZ-Antibody EIS - 8.34 ± 1.3 
µg/L 

- - (Valera et 
al. 2007) 

Antigen 2d-BSA/IDµE Competitive / AuNPs-Antibody Conductometr
y 

- 0.1–1 µg/L - - (Valera et 
al. 2008) 

Method 1) 
Antibody/Immobilon 
membrane 
Method 2) ATZ-BSA 
Immobilon membrane 

Competitive/Method 1) ATZ-BSA-
Peroxidase 
Method 2) Antibody- Peroxidase 

Amperometry 25–7 × 106 ng/L 15 ng/L  
- 

98.5, 97.3, and 
94.4 

(Campanell
a et al. 
2011) 

ATZ/poly(JUG-
HATZ)/GCE 

Competitive / Label free SWV 0.1 pM– 10 µM 1 pM (0.2 
pg/mL) 

7 days - (Tran et al. 
2012) 

ATZ-
BSA/PAMAM/AET/AuN
Ps/GCE 

Competitive / Antibody-HRP CV 10-2–103 ng/mL 1.2 ng/mL  
- 

109 ± 2  and 98 
± 5 in Territorial 
water and 107 ± 
4 and 106 ± 4 in 
soil 

(Giannetto 
et al. 2014) 

Antibody/GNS/ITO Noncompetitive / label free SWV 10.784 fg/mL–
215.68 pg/mL 
(50 aM–1 nM) 

10.784 
fg/mL 
(50 aM) 

90%, 80% 
to 70% for 
1st, 2nd, and 
3rd month at  

4 °C  

- (Singh et al. 
2013) 

Antibody/MBs Noncompetitive/ M13 phage 
particle -Antibody-HRP 

Chronoampero
metry 

1 × 10-3–1 × 104 
pg/mL 

0.2 pg/mL - 99 ± 6.8 and 96 
± 5.7 

(González-
Techera et 
al. 2015) 

Antibody/AuNPs/MEA/
MPA/Au electrode 

Noncompetitive / label free DPV 0.05 –0.5 ng/mL 0.016 
ng/mL 

94% , 88%, 
76% for 7, 
10, and 26 
days 

95.5–119.8 (Liu et al. 
2014) 

Tween 
20/SWCNTs/antibody 

Noncompetitive / label-free FET 0.001–10 ng/mL 0.001 
ng/mL 

- 87.3–108.0 (Belkhamss
a et al. 
2016) 

BSA/Antibody/EDC-
NHS/MNF/GCE 

Noncompetitive / label-free EIS 1 zg/mL–1 
μg/mL 

2.2 × 10-10 

pg/mL 
  (Supraja et 

al. 2019) 
Antibody/SPA/MWCNT 
embedded 
ZnONFs/GCE 

Noncompetitive / label-free EIS 10 zM–1 µM. 5.368 zM 28 days - (Supraja et 
al. 2020) 

4.3. Atrazine Aptasensors 
 

 Aptamers are short stranded DNA or RNA oligonucleotide 
molecules which are able to form three-dimensional shapes and attach 
to the specific targets with great specificity and affinity. They are 
relatively stable and low cost compounds and can be chemically 
produced with high purity (Roueinfar et al. 2019). Gold and Szostak 
independently first described them. Aptamers are detected through an 
in vitro replication procedure, the so-called systematic evolution of 
ligands by exponential enrichment (SELEX) (Wang et al. 2020).  
Aptamers have superior advantages over antibodies, for considerable 
flexibility, high stability, instance small size, and manipulativeness. The 
ssDNA aptamers have low and reversible denaturation and this cause 
to extensively investigate in biosensing applications (Abraham et al. 
2018). Aptamers as nucleic acid strands can be simply immobilized on 
the transducer electrode surface (Suryan 2017). Aptamer-based 
electrochemical sensors have made great promise in detecting 
analytes (Fan et al. 2019). Table 3 shows the ATZ detections based on 
aptasensor strategy. Three single-stranded DNA aptamers (ssDNA) 
have been introduced to target the ATZ. Sanchez used capillary 
electrophoresis SELEX (CE-SELEX) to identify an ATZ -specific ssDNA 
aptamer with a resolution constant (Kd) of 890 nm. Williams et al. also 
developed a ssDNA aptamer that binds to the ATZ, where Kd is reported 
in the sub-nanomolar range and is highly specific to ATZ (Abraham et 
al. 2018). Abraham et al. (2019) identified a truncated ssDNA aptamer 
with great specificity and affinity for ATZ through a modified Capture-
SELEX protocol in combination with a precise negative selection 
scheme (Decoy-SELEX). 

For the first time, in order to improve the ATZ sensitivity, Caiqin Sun 
(2019) developed a synergistic signal processing based on the 
aptamer-graphene complex and dioxy ribonuclease I (DNase I). They 
modified the electrode by AuNPs and TiO2 nanotubes (AuNPs/TiO2 
NTs). Thiol 1-mercaptoctane alkylate (MCT) was selected as the 
blocking agent which can be assembled on the surface of AuNPs/TiO2 
NTs by covalent bonding of S-Au and block the transport of carriers 
between the electrolyte and the electrode to a suitable extent. 
Graphene was applied as a "molecular switch" for photoelectric signals, 

which works when ATZ reacts with the aptamer-graphene complex for 
leaving graphene and forming the ATZ-aptamer complex. In addition, 
the simultaneous addition of DNase helped to amplify the MCT/Au 
NPs/TiO2 NTs electrode signal cycle (Sun et al. 2019). 

 Lifang Fan (2019) designed an easy and unlabeled electrochemical 
aptasensor for the detection of ATZ based on electrochemically 
reduced graphene oxide (ERGO) and nickel hexacyanoferrate 
nanoparticles (NiHCF NPs). Metal hexacyanoferrates, as a type of 
Prussian aqueous analogues, are promising materials for sensing 
applications due to their unique properties and structure. ERGO/GCE 
was modified with NiHCF NPs as a signal probe with good stability and 
well-defined peaks. Consequently, AuNPs in NiHCF NPs/ERGO 
anchor to the aptamer and enhance the stability and conductivity of the 
electrode. Differential pulse voltammetry (DPV) responses of this 
aptasensor were recorded in different concentrations of ATZ. Addition 
of ATZ leads to the formation of the ATZ-aptamer complex and inhibits 
electron transfer, causing to a decline in the DPV electrochemical signal 
(Fan et al. 2019). A linear curve was obtained with a low LOD of 0.1 pM 
and a linear range of 0.25–250 pM, and it showed perfect selectivity for 
ATZ in the presence of diverse interferents. 

Biofuel cell-based sensors (BFCs) have received a great deal of 
attention in the past decade because of their ability to absorb energy 
from the environment and the lack of an external electric power supply 
during chemical analysis of analytes. It is portable and on-site 
monitoring device, especially for environmental monitoring cases. Yu 
Wang (2019) designed an enzymatic biofuel cell (EBFC) by placing the 
ATZ aptamer on the cathode, which is separated from the power 
generation section. This detecting device was assembled by a modified 
glucose dehydrogenase (GDH) electrode as a biodegradable generator 
and an aptamer-loaded Au electrode as a cathode to identify targets, 
via a redox probe, [Fe (CN)6]

3-, as the "key" of the electron transferring. 
The target is tracked by changing the output power density after taking 
the ATZ by the cathode (Wang et al. 2020) and a LOD of 7.5 nM was 
obtained for ATZ detection. 

 
 

 

 
 

Table 3. ATZ detections based on aptasensors. 
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Strategy Aptamer sequence Technique Linear range LOD Stability Recovery, % Reference 

Aptamer/GOPTS 
/PtNPs/SiO2/microstrips 
modified Au IDEs 

5′-(SH)-(CH2)6-
TACTGTTTGCACTGG
CGGATTTAGCCAGTC
AGTG- [Flc]-3′ 

EIS 0.6 nM–1 µM 10 pM ~80% after 7 
days 

- (Madianos et al. 
2018a) 

Aptamer/GOPTS 
/PtNPs/PMMA resist 2% 
(w/v) in PGMEA/SiO2/ 
microstrips modified Au 
IDEs 

5′-(SH)-(CH2)6-
TACTGTTTGCACTGG
CGGATTTAGCCAGTC
AGTG- [Flc]-3′ 

EIS 100 pM–1 µM 10 pM - 79–113 (Madianos et al. 
2018b) 

Aptamer/AuNPs/NiHCFN
Ps/ERGO 

5′-SH-(CH2)6-TGT-
ACC-GTC-TGA-GCG-
ATT-CGT-ACG-AAC-
GGCTTT-GTA-CTG-
TTT-GCA-CTG-GCG-
GAT-TTA-GCC-AGT-
CAG-TGT-TAAGGA-
GTG-C-3′ 

DPV 0.25–250 pM 0.1 pM 95.5% after 
14 days 

97.6–104.6 (Fan et al. 2019) 

Cathode: Aptamer/Au 
electrode 
Anode: GDH/CNTs-
COOH/GCE 

5′-SH-(CH2)6-TGT-
ACC-GTC-TGA-GCG-
ATT-CGT-ACG-AAC-
GGC-TTTGTA-CTG-
TTT-GCA-CTG-GCG-
GAT-TTA-GCC-AGT-
CAG-TGT-TAA-
GGAGTG-C-3′ 

LSV 10-200 nM 7.5 nM 95% after 9 h 
of continuous 
operation 

101.40–102.83 (Wang et al. 2020) 

 
5. Conclusions 
 

 Atrazine is a chlorinated triazine herbicide that is utilized to control 
some weeds and as a common weed control agent in industrial and 
non-agricultural lands. The most common techniques such as high-
performance liquid chromatography, mass spectrometry, and gas 
chromatography are used to detect atrazine in environmental samples; 
however, their widespread practical use is limited due to requiring the 
specialized technical personnel, expensive equipment, and complex 
and time-consuming sample preparation. Electrochemical biosensors 
especially enzymatic biosensors, immunosensors, and aptasensors are 
considered as ideal candidates for pollutant detection because of their 
advantages such as easy miniaturization, feasibility, sensitivity, 
simplicity, and selectivity. 
 
Nomenclature 

AET 2-aminoethanethiol 
ATZ Atrazine  
AuNPs Gold nanoparticles  
Av Avidin 
BFCs Biofuel cell-based sensors  
BSA Bovine serum albumin 
CB Carbon black 
CE-
SELEX 

Capillary electrophoresis SELEX  

CNTs Carbon nanotubes  
CNTs-
COOH 

Carboxylated carbon nanotubes 

CNTFETs Carbon nanotubes field effect transistor 
CV Cyclic voltammetry  
DNase I Dioxy ribonuclease I   
DPV Differential Pulse Voltammetry  
EBFC Enzymatic biofuel cell  

EDC 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride  

EIS Electrochemical Impedance Spectroscopy  
EPA United States Environmental Protection Agency  
ERGO Electrochemically reduced graphene oxide 
EU European Union  
FET Field Effect Transistor 
Flc Fluorescein 
GA Glutaraldehyde 
GC Gas chromatography  
GCE Glassy carbon electrode  
GDH Glucose dehydrogenase  
GEB Graphite–epoxy biocomposite 
GNS Gold nanostructures 
GOPTS Electrochemically reduced graphene oxide 
GSH Glutathione 
HPLC High-performance liquid chromatography  
HRP Horse radish peroxidase 
IDEs Interdigitated electrodes 
IDµE Interdigitated metallic microelectrodes 

JUG-
HATZ 

[N-(6-(4-hydroxy-6-isopropylamino1,3,5-triazin-2-
ylamino)hexyl)-5-hydroxy-1,4-naphthoquinone3-
propionamide] 

LOD Limit of detection  
LSV Linear Sweep Voltammetry 
MBs Magnetic beads 
MCT 1-Mercaptooctane  
MNF Electrospun manganese oxide nanofibers 
MoAb Monoclonal antibody 
MPA Mercaptopropionic acid  
MS Mass spectrometry  
MWCNT Multiwalled carbon nanotube  
NHS N-hydroxysuccinimide  
NiHCF 
NPs 

Nickel hexacyanoferrate nanoparticles 

NTs Nanotubes 
PAH Poly (allylamine hydrochloride) 
PAMAM Polyamidoaminic dendrimers 
PBNPs Prussian blue nanoparticles 
PDM Poly(L-DOPA)  
PEs Polyelectrolytes 
PGMEA Propylene glycol monomethyl ether acetate 
PhAIEI Phage anti-immuno-electrochemical  
PMMA Poly (methyl methacrylate 
PoPD ortho-phenylenediamine dihydrochloride 
PPO Polyphenol oxidase 
PPy Polypyrrole 
ProtA(2%) Protein A (2%) 
PSS Poly (sodium 4-styrene sulfonate) 
SELEX systematic evolution of ligands by exponential enrichment  
SPA 3-sulfanylpropionoic acid 
ssDNA Single-stranded DNA 
SWCNTs Single-walled carbon nanotubes  
SWV Square wave voltammetry  
Tyr Tyrosinase 
ZnONFs Zinc oxide nanofibers  
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